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TiTLE OF THE iNVENTiON : p^TUBULiN iNHIBiTORS 
Fieict of the invention 

The present invention relates to anticancer molecules that inhibit p-tubutin and that 
5 iiiustrate iower systemic toxicity, higher therapeutic index and a lower capacity to 
induce resistant phenotypes, which would greafly improve chemotiierapy. More 
specificaiiy, the present invention is directed to the use of various derivatives of 
1-aryl-3-(2-chioroethyl)ureas as p-tubuiin inhibitors. The present invention is aiso 
concerned with a method of setectiveiy attacking cancer celi key proteins by 
10 providing derivatives of 1-aryl-3-(2-chioroethyl)ureas having specific spatiai 
configurations allowing these derivatives to dock inside cells at pre-seiected sites. 

The prior art 

Cancer is a disease state diaracterized by the uncontrolled proliferation of 
15 genetically altered tissue cells. The deleterious effects of most anticancer agents, in 
combination >Mth the occurrence tumor drug resistance, contribute to failure and 
relapse of the disease following initial responses to chemotherapy. There have 
been several chemotherapeutic approaches developed to target cancer including 
alkylating and anti-mitotic agents, anti-metaboiites and anti-tumor antibiotics. Such 
20 therapeutic agents act preferentially on rapidly proliferating celts such as cancer 
cells. 

Hormonal therapy using anti-estrogens or anti-androgens constitutes anotiier 
method of attacking cancer celts. 

25 

Some 1-aryi-3-(2-chloroethy{)urea derivatives {herein after referred to as "CEUs") 
are known from US Patents 5,530,026 and 5,750,547 to tiie same assignee as the 
present application. More specifically 4-rBCEU, 4-/PCEU and 4-sBCEU are known, 
whose structures are as illusfrated below: 
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H H 



4-sBCEU 

CEUs are aiso known from PCT application WO 0061546, aiso to the same 
10 assignee as the present application. 

it is known tiiat CEUs display affinity towards cancer cells, permeate the cell wali 
and provide a miid alkylating effect on ceil components thereby killing the offending 
ceil. 

15 

An object of the present invention is to provide CEU derivatives capable of 
inhibiting p-tubulin. 

A further object of the present invention is to provide w^ak monoalkylating agents 
20 that are unreactive towards most ceiluiar nucleophiies such as DNA, giutathion and 
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giutathion reductase but capabie of aikyiating specific proteins bearing strong 
nucieophiiic centers. 

Yet another object of the present invention is to provide prodrugs of the p-tubuiin 
5 inhibitors as weli as inorganic salts thereof As an example of prodrugs of the 
compounds of the present invention, the suifone and sulfoxide derivatives are 
immediately contemplated by a skilled v\^orker in the art. The suifone and sulfoxide 
derivatives while not generally active wiii be activated once administered to the 
patient. The activation will occur \Nhen the prodrug is reduced to yield the 
10 corresponding alkyithio derivative, an active compound. 



Summary of the invention. 

The present invention provides for p-tubulin inhibitors of formula I, prodrugs thereof 
and therapeutically acceptable salts thereof, 



R — A V ^ 



6 H H 
15 

formula i 



wherein R is selected from the group consisting of: fbutyl, /-propyl and seobutyl. 
Tne present invention also provides method of curtailing cancer cell proliferation 
20 using a medicament comprising a therapeutically effective amount of the 
compound of formula 1, prodrugs thereof or therapeutically acceptable salts 
thereof. 



Further scope and applicability of the present invention will become apparent from 
25 the detailed description given hereinafter. It should be understood, however, that 
tiiis detailed description is given by way of illustration only, since various changes 
and modifications v\^thin the spirit and scope of the invention m\\ become apparent 
to those skilled in the art. 
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fBCEU-!abeied proteins were visualized by autoradiography. Data are 
representative of three different experiments. 

Fig. 5. Kinetics of p-tubulin aikylation and microtubule disruption induced by [urea- 

5 '^^cyA'BCEU, Exponentially growing MDA-MB-231 cells were incubated with 

30 MM [urea-'*^C]-4-fBCEU for 0, 1, 4, 8, 12, 18, 24 and 48 h. (A) Free tubulin and 
microtubule fractions were isolated and analyzed by Western blotting; (B) [urea- 

'^^C]-4-fBCEU-iabeled proteins were visualized by autoradiography. Data are 
representative of three different experiments. 

10 

Fig. 6. identification of the site of aikylation of p-tubulin by CEU: competition vwtti 
antimicrotubule agents. MDA-MB-231 ceils were incubated (A) for 48 h with 30 viM 
4-fBCEU, 4-/PCEU or 4-sBCEU in the absence or presence of 5 |jM taxoi; (B) for 
48 h with 30 |jM 4-©CEU or 4-sBCEU in the absence or presence of 5 mM 
15 colchicine (Col), 5 vinblastine (VW) or 100 iodoacetamtde (lodo); (C) for 
24 h vwtti 5 iM colchicine, 5 vinblastine or 100 iodoacetamide, respectively, 
and followed by treatment with 100 pM EBl for 2 h. Total protein extracts were 
analyzed by SDS-PAGE and p-tubulin was revealed by immunoblotting. Data are 
representative of three different experiments. 

20 

Fig. 7. Localization of the site of aikylation by CEU on p-tubuHn. Exponentially 
growing SK-N-SH cells were incubated in the absence or the presence of 30 |xM 
and 100 [urea-'^^CH-fBCEU for 24 h and 48 h, respectively. Total protein 
extracts were separated eiectrophorettcaliy on 10% polyacrylamide gels. (A) 
25 Western biots were performed and pili-tubulin was revealed witti a monocfonai 

antibody; (B) [urea-^'^CH-fBCEU-labeled proteins were visualized by 
autoradiography. Results are representative of two independent experiments. 

Fig, 8, Hypothetical aikylation of p-tubulin by CEU. 

30 

Detailed description of ppeferred embodiments. 
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Before describing the present invention in detail, it is to be understood that the 
invention is not limited in its application to the details of the examples described 
herein. Tne invention is capable of other embodiments and of being practiced in 
various ways. It is also to be understood that tfie phraseology or terminology used 
5 herein is for the purposes of description and not limitation. 

Non standard abbreviations used in the paper are: CEU, 1-ary!-3-(2- 
chloroethyi)urea; 4-ferf butyl [3-(2-ch!oroethyl)ureido] benzene; 4-/PCEU, 

A-iso-propyl [3-{2-chIoroethyf)ureido] benzene; 4-sBCEU, 4-seobutyf [3-{2- 

10 chloroethyl)ureido] benzene; 2-ECEU, 2-'ethyl [3-(2'-chloroetfiyl)ureido} benzene; 3- 
ECEU, 3-ethyl [3-(2-chloroethyl)urefdo] benzene; 4-ECEU, 4'ethyl [3^2- 
chloroethyl)ureido] benzene; 4-fBEU, 4-fert-butyi [3-(ethyl)ureido] benzene; 4- 
/PEU, 4-iso-propyl [3-(ethyl)ureido} benzene; 4-sBEU, 4-TOc-butyI [3-(ethyl)urefdo] 
benzene; 4-SCPU, 4-'fe/t-butyi [3-(2-chloropropyOureido] benzene; 4- 

15 methoxyCEU, 4-methoxy [3-{2-chloroethyl)ureido] benzene; EBl, N,N'-ethylenebis 
(iodoacetamide); PBS, phosphate-buffered saline. 

Preparation of CEU derivatives 

The p-tubuBn inhibitors of flie present invention are easily prepared in generally 
20 good yields. The compounds are also easily purified by usual techniques such as 
chty^aHization or liquid chromatography. 

The foiiovwng reaction sequence illustrates one general scheme of preparation of 
CEU derivatives of the present invention. 
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Examples 1 to 3 

In accordance to the scheme above, the follovwng 3 example molecules were 
prepared. 













1 


4, ^-butyl 


Chloromethyl 


80 


133-134 


2 


4, /-propyl 


Chloromethyl 


65 


140-141 


3 


4, seobutyl 


Chloromethyl 


95 


89-90 
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'H-NMR analysts 







1 


7.85 ppm (1, 1H, ArNH), 7.19 ppm (s, 4H, ArHa.a-s.and g). 
6.09 ppm (broad t, 1H (NHCH,), 3.51 ppm (m, 4H, 
CH2CH2CI), 1.2 ppm (s, 9H, f-butyl) 


2 


7.87 ppm {1, 1H, ArNH), 7.16 (dd, 2H, ArHa and ArHg) 6.98 
ppm (dd, 2H. ArHs and Hg), 6.06 ppm (broad t, 1H (NHCH,). 
2.71 ppm (m, 1H, CH {CH^)^, 1 .10 ppm (dd, 6H CH (CHa)?). 


3 


7.80 ppm (s, 1H, ArNH), 7.21 ppm (dd, 2H, ArHj and ArHe), 
7.00 ppm (dd, 2H, ArHg and H4), 6.06 ppm (broad t, 1H 
(NHCH,). 3.53 ppm, (m, 4H, CH2CH2CI), 2.46 ppm (sx.lH, 
CH(CH3)CH2CH3), 1.50 ppm (qt, 2H, CH(CH3)CH2CH3), 1.14 
ppm (d, 3H, CH{CH3)CH2CH3), 0.74 ppm (t, 3H, 
CH(CH3)CH2CH3). 



Evaluation of cytotoxic activity : 

10 Tne inventors have surprisingly found clear evidence that the CEUs of the present 
invention are potent antimicrotubule agents that covaientiy bind to p-tubulin and 
consequently prevent microtubule assembly. 

To better understand the mechanisms responsible for microtubule disruption by 
15 1-aryl-3-(2-chk>roethyf)ureas (CEU), their cytotoxicity was examined on Chinese 
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hamster ovary celis resistant to vinblastine and cptchicine due to ihe expression of 
mutated tubulins (CHO^W 3-2), These cells showed resistance to QEU, e.g. 
4-/BCEU having an iCso of 213 ± 1.1 pM as compared \Mth an IC50 of 116 ± 0 J 
ILiM for wild-type celis, suggesting a direct effect of the drugs on tubulins. Western 
5 blot analysis confirmed the disruption of microtubules and evidenced the formation 
of an additional immunoreactive p-tubu!in with an apparent lov^^r molecular weight 

on SDS polyacrylamide gel. Incubation of MDA-MB-231 cells with [urea-^'^C]-4- 
fBCEU revealed the presence of a radioactive protein vA\ich coincided \Aflth the 
additional p-tubulin band, indicating that CEU could covalentfy bind to the p4ubulin. 
10 The 4-fBCEU-binding site on p-tubulin was identified by competition of the CEU with 
colchicine, vinblastine and iodoacetamide, a specific alkylating agent of sulfhydryl 
groups of cysteine residues. Colchicine, but not vinblastine, prevented formation of 
the additional p-tubulin band, suggesting that 4-SCEU alkylates either Cys239 or 
Cys354 on p-tubulin, 

15 

To determine ttie cysteine residue alkylated by 4-^BCEU, radiolabeled drug was 
incubated with human neuroblastoma celis (SK-N-SH) which overexpress the ptH- 
tubulin an isoform where Cys239 is replaced by a serine residue. The results dearly 
showed that plll-tubulin is not alkylated by [urea-^^CH-ffiCEU, suggesting that 
20 cysteine 239 residue is essential for the reactivity of 4-/BCEU wth p-tubulin. Taken 
together, these findings indicate that the nnechanism of cytotoxicity of CEU involves 
microtubule depoiymerization through alkylation of p-tubulin. 



25 MATERIALS AND METHODS 
Gel! culture: 

Human breast carcinoma cell fine, MDA-MB-231, \ms obtained from the American 
Type Culture Collection (ATCC HTB-26; Bethesda, MD). MDA-MB-231 cells were 
30 grown in RPM1 1640 medium supplemented with 10% bovine calf serum (Hydone, 
Road Logan, Utah). Wild-type Chinese Hamster Ovary ceils (CHG-IOOOI) (7), 
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colchicine- and vinblastine- resistant (CHOW 3-2) (8) and taxoi-resistant (CHO- 
TAX 5-6) ceils (9) \A^re generously provided by Dr. Fernando Cabrai (University of 
Texas Medical School, Houston, Texas). TTiese cells were cultured in RPMf 1640 
containing 10% fetal bovine serum. SK-N-SH human neuroblastoma cells, (ATCC 
5 HTB-11; Bethesda, MD) were cultured in MEM medium supplemented vwth 2 mM 
L-glutamine, 1.5 g/liter sodium bicarbonate, 0.1 mM non-essential amino acids, 
1 mM sodium pyruvate and 10% fetal bovine serum. Ceils were cultured in a 
humidified atmosphere at 37^C in 5% CO2. 

10 Compai^iive drugs: 

Colctiicine, vinblastine, taxol and iodoacetamide were purchased from Sigma 
(StLouis, MO). CEU derivatives and EBi were prepared as already described (3, 4, 

10). Synthesis of [urea-^'^CM-'BCEU was carried out as described previously 
(11). All dmgs were dissolved in DM30 and the final concentration of DMSO in the 
15 culture medium was maintained at 0.5% (v/v). 

Cytotoxiciy assay: 

Cytotoxicity was assessed using the MTT assay (3-(4,5-dimethytthiazo!-2-yl)-2,5- 
diphenyltetrazoiium bromide) as described by Carmichaei et aL (12), Cytotoxic 
20 activity of these compounds was expressed as the concentration of CEU inhibiting 
MDA-MB-231 cell growth by 50% (IC50). 

Kinetics of aikylation of 4-{4-nItrobenzyl)pyrldine by CEU derivatives: 

The rate constant of aikylation (K') of CEU derivatives and chlorambucil was 
25 evaluated by a coiorimetric assay as described by Bardos et al (13). Briefly, 1 ml of 
a 10% (v/v) solution of 4-(4-nitroben2yl)pyridine in ethanol and 1 ml of 50 mM 
sodium acetate (pH 4.3) were added to an ethanoi solution (95%) containing 
400 nmoi per ml of either chlorambucil or CEU and heated to SO^C in a shaking 
water bath for 60, 90, 120 or 150 min. The reaction was stopped by cooling the 
30 mixtures on ice for 5 min. Then, 15 ml of 0.1 M KOH : ethanol (1:2, v/v) were 
added to the reaction mixture. Samples were vortexed for 12 sec and set aside for 
2.5 min prior to reading the absorbance at 570 nm. The values were compared 
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with those obtained using a blank sample containing all reagents except the 
alkylating agent. 

Cell cycle analysis: 

5 Following incubation of MDA-MB-231 cells with 4-aCEU, 4-/PCEU or 4-sBCEU, the 
ceils \A«re harvested, resuspended in 1 mt PBS and fixed by ttie addition of 2.4 ml 

of ice cold anhydrous ethanoL Then, 5 x 10^ cells firom each sample were 
centrifuged for 3 min at 1000 x g. Cell pellets were resuspended in PBS containing 
50 \sQ/(n\ of PI and 40 U/ml of ribonuclease A (Boehringer Mannheim, Laval, CA). 
10 Mixtures were incubated at room temperature for 30 min and cell cycle distribution 
was analyzed using an Epics Elite ESP flow cytometer (Coulter Corporation, Miami, 
FL, USA). 

Separation of soluble and polymerized tubulins: 

15 Separation of soluble and polymerized tubulins from MDA-MB-231 cells was carried 
out as described by Minotti et aL (14) with minor modificafcns. Briefly, after drug 

exposure, about 5 x io® cells in 100-mm petri dishes were washed with PBS at 
37^C and harvested in 3 ml of PBS containing 0.4 ^g/ml of taxol using a rubber 
policeman. 

20 

Cells were centrifuged and lysed using 250 pi of miorotubule-stabilizing buffer 
(20 mM Tris-HCl, pH 6.8, 140 mM NaCi, 1 mM MgCl2, 2 mM EDTA, 0.5% Nonidet 
P-40 and 0.4 ^g/ml taxol), and then transferred to 1.5 ml microcentrifuge tubes. 
S^gimples were centrifuged at 12,000 x g for 10 min at 4^C and the supematants 
25 containing soluble tubulin were placed in separate microcentrifuge tubes containing 
250 \x\ of 2x Laemmli sample buffer (15). Pellets containing the polymerized tubulin 
were resuspended in 250 ^ of water, followed by two freeze/thavwng cycles, and 
the addifion of 250 jil of 2x Laemmli sample buffer. Samples were analyzed by 
SDS-PAGE and immunoassay was performed as described below. 

30 

SMboeliuiar fractionation of MDA-MB-231 cette. 
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Cells (-5 X 10^) were incubated with 30 or 100 uM [*^C]-fBCEU for 12 or 24 ii and 
then washed with PBS and harvested by scraping in lysis buffer (5 mWl Hepes pH 
7.4, 1 mM MgCl2, 10 mM KCl, 1 mM CaCl2, 1 mM PMSF, 1 mM benzamidine and 1 
mWl aprotinin). Cell lysates were homogenized using a tissue grinder and the final 
5 sucrose concentration of each sample was adjusted to 250 mM. Samples were 
centrifuged at 600 x g for 10 min at 4^C to isolate the post-nuclear supernaiant 
The pellets, containing nuclei and intact cells, were discarded and the post-nuclear 
supernatant was recentrifuged at 90,000 rpm using a Rotor TLA-100.1 in a 
Beckman 71-100 ultracentriflige for 30 min to separate the cytosolic fraction (C) 
10 from the insoluble fraction (M) containing the membrane components and 
mitochondria. One volume of 2x taemmli sample buffer was then added to the 
supernatant (C) and the pellet (M) was resuspended in 200 ^1 of Laemmli sample 
buffer. Samples were boiled for 5 min and kept at-20°C until analysis. 

1 5 SDS-PAGE analysis and immunobiotting of p-tubuiin: 

Samples (1 x io^ cells) were analyzed by 10% SDS-PAGE using the Laemmli 
system (15). Membranes were then incubated with PBSMT (PBS, pH 7.4, 5% fat- 
free dry milk and 0.1% Tween-20) for 1 h at room temperature, and then with 1:500 
monoclonal anti-p-tubulin (done TUB 2.1, Sigma) or 1:400 anti (done no. 

20 SDL.3D10, Sigma) for 1 h. This monoclonal antibody is specific to pflMubulin, and 
does not cross-react mth other p-tubulin isoforms. Membranes were washed with 
PBSMT and incubated with 1:2500 peroxidase-conjugated anti-mouse 
immunoglobulin (Amersham Canada, Oakville, Canada) in PBSMT for 30 min. 
Detection of the immunoblot was carried out with tiie ECL Western blotting 

25 detection reagent kit (Amersham Canada, Oakvilte, Canada). 

Preparation of protein extract and two-dimensional SDS poiyacryiamide gel 
electrophoresis: 

MDA-MB-231 cells (-5 x 10^ incubated with 30 ^M [urea-^'^Cl-4-fBCEU (11) for 
30 48 h were han/ested by scraping and transfenred to a 15 ml microcentiifuge tube. 
Cell pellets were lysed by addition of 1 ml lysis buffer containing 4% (w/v) CHAPS, 
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4.6% Amphoiines (comprised of 3.6% Ampholine pH range 5 to 7 and 1% 
Amphoiine pH 3 to 10) (Sigma, St-Louis, MO), 50 mM dithiothreitol, 1 mU PMSF 
and 1 mM benzamidine. Samples were homogenized by 10 passages through a 
26G needle and incubated mth 1 mg/ml DNase and 0.25 mg/ml RNase A for 5 min 
5 on ice. Then, EDTA/EGTA (1:1) and urea were added to final concentrations of 
1 mM and 8.5 M, respectively. Samples were centrifuged at 14 000 rpm for 2 min at 
4^C and 0,03% (w/v) bromophenoi blue was added to the supematant Samples 
were kept at -80^C until processed- Protein extracts were separated by isoelectric 
focusing according to the procedure desaibed by OTarreil (16) with minor 

10 modifications. Briefly, samples were applied to a 4.5% polyacrylamide gel 
containing 8.5 M urea, 2% (w/v) CHAPS and 2% (v/v) amphoiines. Samples were 
prefocused at 200, 300 and 400 Volts for 15, 30 and 30 min respectively (17). 
Isoelectric focusing was perfomned at 200, 400, 800 and 600 Volts during 0.5, 15, 1 
and 1.5 h, respectively, Geis were equilibrated tmce for 15 min in buffer A 

15 containing 50 mM Tris-HCt, pH 6.8, 6 M urea, 30% glycerol, 2% (v/v) SDS and 2% 
(w/v) dittiiothreitoi and for 10 min in buffer B containing 50 mM Tris-HCI, pH 6.8, 6 
M urea, 30% glycerol, 2% (v/v) SDS and 0.5% (w/v) iodoacetamide. In Ihe second 
dimension, proteins were separated according to their molecular weight by using a 
10% polyacrylamide SDS gel. The gels were ttien transferred onto a nitrocellulose 

20 membrane. 

Detection of proteins alkylated by [urea-^^CH-flSCEU: 

Nitrocellulose membranes were dried for 3 days at room temperature and fixed 
under a FBTiV-SIS UV transilfuminator at 312 nm (Fisher Scientific, Ottawa, 
25 Canada) for 3 min. Membranes were incubated for 1 h in Entensify Aqueous Fluor 
Solution B (DuPont, Boston, MA), dried and exposed to X-ray film (Kodak, Biomax 
MR Film) for a week. 

RESULTS 

30 Structure-activity relationships between the alkylation potency and the 
cytotoxicity of CEU: 
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To evaluate the mechanisms responsible for the cytotoxicity of CEU, first was 
compared the cytotoxicity and the NBP alkylation constant of various CEU with 
different iCgo ranging from 2 to >140 jiiM. Tabte 1 shows that CEU are weak 
alkylators of 4-(4-nitroben2yi)pyridine as compared to chlorambucil (prior art 
moiecule used for comparative purposes). 
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Table 1: Molecular structure, cytotoxic activity and relative alkylation of 
4-(4-nitrobenzyi)pyridine by CEU derivatives. 

Concentration inhibiting 50% of cell growth (IC50) as detemiined graphically from 
the survival curves. The constant of alkylation (K) was detemiined by linear 
regression of tiie respective curves generated for each drug. Data represent mean 
values ± SD from at least tfiree independent experiments. 
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4-fBCEU 



4-/PCEU 



4-sBCEU 



CBL 
(comparative 
example) 



4, Bu 



4, iPr 



4, sBu 



Chlorambucil 



-CHoCI 



-CH,Ct 



-CH.Ci 



4.6 ± 0.3^ 



2.2 + 0.3' 



2.3±0.f 



9.3 ± 3,5^ 



3.1 ±0.3^ 



3.0±0.r 



3,1 ±0.3^ 



38.9 ±5,1^ 



^Values are mean t SD, 

^K - {At2-Ati/02-ti). vrfiere A= absorption at 570 nm and (t2-t0= period of incubation. 



' ND, not determined. 



As seen from Table 1 above, the K' of CEU are almost thirteen times }ov\^r than 
20 those for chlorambucil, a known alkylating agent derived from aromatic nifrogen 
mustards (18). in addition, the cytotoxicity of different CEU did not correlate with 
their alkylation potency. Indeed, active CEU such as 4-fBCEU, 4-/PCEU or 
4-5BCEU having tCso of 4, 2 and 2 {jM respectively, and inactive CEU such as 
CEU, 2-ECEU, 4-sBEU and 4-fiCPU, have almost the same values {^2.5 to 3.5 
25 jxM). Furthermore, CEU did not show detectable alkyiaiion of either DNA, 
glutathione or glutathione reductase. However, substitution of the 2-chloroethyl 
moiety of active CEU analogs vwth methyl, ethyl or 3-chtoropropyl groups 
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diminished tiieir cytotoxicity. This suggests that albeit very weak, the alkyiation 
potency of CEU is nevertheless involved in the mechanisms of their cytotoxicity. 

DtiPFerentfa} cytotoxicity induced by 4-fBCEU in CHO cell lines expressing 
5 mutated tubulin: 

Tne cytotoxicity of 4-aCEU, 4-/PCEU and 4-sBCEU in two CHO cell lines having 
differential sensitivity to antimicrotubule agents was evaluated. These ceil lines are 
derived from parental CHO10001 cells and express mutated tubulins. The CHO- 
W 3-2 cell line is resistant to vinblastine and colchicine, and hypersensitive to taxol, 
10 while the CHO-TAX 5-6 cell fine is resistant to taxol and hypersensitive to 
vinblastine and colchicine (7-9). 



Results are reported in Table 2 below. 

Table 2: Cross-resistance of 4-iBCEU In CHO cells expressing mutated 
15 tubulin. 

VVild-type (10001), vinblastine and coichicine-resistant (W 3-2), and taxol-resistant 
(TAX 5-6) CHO cells were incubated in the presence of increasing concentirations 
of chlorambucil, coldiicine, taxol, 4-/BCEU, 4-/PCEU and 4-sBCEU for 120 h. Cell 
survival was evaluated using tine MTT coiorimetric assay, 100% survival 
20 representing cell viability in the absence of drug. Data are representative from three 
independent experiments. 







Colchicine 


0.0020 ± 0.0003^ 


0.00060 ± 0.00001**^ 


0.0036 ± 0.0006^'" 


Vinblastine 


0.030 ± 0.003^ 


0.021 ± 0.003^*= 


0.094 ± 0.003^'" 


Taxol 


1.7 ± 0.3^ 


6.1 ± 0.5^'^ 


1.1 ± 0.2^'' 


4-©CEU 


11.6± 0.7^ 


4.6 + 0.3^-'' 


21 .3 ± 1.1^'" 


4-/PCEU 


4.4 ± 0.2^ 


2.0 ± 0.1*'' 


7.7 ± 0.4®''' 


4-sBCEU 


5.0+ 0.2^ 


2.1 ± 0.1*-'' 


8.2 ± 0.4^^ 



^Values are mean ± SD of three detenminations. 

* Significantly more resistant than parental CHO-10001 cells; P < 0.02, Student 



25 t-test. 



" Significantiy more sensitive than parental CHO-10001 cells; P < 0.02, Student 
ttest. 
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^Not significantly different from parental CHO-10001 cells. 

As shown from Table 2, the cylotoxicily of 4-/BCEU, 4-/PCEU and 4-sBCEU was 
higher in CHO-TAX 5-6 cells (eg. ICso = 4.6 ± 0.3 for 4-fBCEU) and lower in 
5 CHOW 3-2 cells (eg. IC50 = 213 ± 1.1 for 4-aCEU}. The cytotoxicity of 
4-fBCEU in CHO10001 cells was 11.6 ± 0.7 ^M. These results strongly suggest 
that the cytotoxicity of CEU is due to microtubule depolymerization. 

Effects of CEU on MDA-MB-231 cell cycle: 

10 The effect of CEU, namely 4-?BCEU, 4-/PCEU and 4-5BCEU, on tiie cell cycle v\^s 
analyzed. To this end, exponentially grovwng MDA-MB-231 cells were treated with 
30 iM 4-ffiCEU, 4-/PCEU or 4-sBCEU for 24 or 48 h followed by an evaluation of 
ceil cyde distribution by flow cytometry using propidium iodide, a fluorescent DNA 
dye. TTiis flow cytometric analysis aliov^ to determine tfie proportion of cells in 

15 Gq/Gi, S and G2 ^ M fractions of the cell cycle but does not allow to distinguish 
between G2 and M arrest. As illustrated in Fig. 1, 24 h incubation vwtii CEU 
derivatives caused a significant accumulation of ceils in the G2 + M suggesting that 
CEU derivatives, like cofchrdne and vinblastine, induce microtubule disruption and 
consequent prevent mitosis. Induction of mitosis blockage in prophase by CEU 

20 derivatives was confirmed by mitotic index analysis as described by Drouin (22). 

Moreover, the ceil cyde arrest in G2 + M was induced more rapidly with 4-/PCEU 
and 4-sBCEU than vwfli 4-^BCEU. As expected, antimicrotubule agents such as 
colchicine or vinblastine also lead to a G2 + M block in MDA-MB-231 cell cycle. 

25 

Effect of CEU on the depoiymerization of microtubufes: 

To assess tiie effects of CEU derivatives on microtubules in MDA-MB-231 cells, the 
relative levels of polymerized and soluble tubulin in cells using SDS-PAGE analysis 
and a monoclonal p-tibulin antibody (see Materials and Methods) were detemiined. 
30 Fig. 2A shows that complete microtubule depoiymerization was observed after 
incubation with 30 \M 4-ffiCEU, 4-/PCEU or 4-sBCEU for 24 h and 48 h. 
Furthermore, a second immunoreactive band with an apparent lower molecular 
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weight (Mf) than native p-oibulin was detected. Interestingly, this second 
immunoreactive band, herein called modified p-tubulin, was only observed in the 
free tubulin fraction. Formation of the modified p-tubulin was induced in a dose- 
dependent manner by 4-ffiCEU (data not shown). Furthermore, its presence was 
specific to active CEU, since no such band was observed vwth colchicine, 
vinblastine or taxol (data not shovwi). Finally, the effect of 4-ffiCEU seemed to be 
specific to p-tubulln since no electrophoretic evidence for a-tubulin modification 
could be found (data not shown). To assess structure-activity relationships between 
ttie molecular structure of other CEU derivatives, we compared their relative rates 
of microtubule depolymerization and formation of the modified p-tubulin. To this 
end, CEU derivatives were grouped into tiiree sub-classes of acfiviiy; i) highly 
active CEU (IC50 between 2 and 5 mJVI) (Fig. 2A), ii) weakly active CEU (IC50 
between 10 to 50 fM) (Fig. 2B), and iii) essentially inactive CEU (iCso >50^M) 
(Fig. 2C). Fig. 2A shows that the effects of the highly active 4-sBCEU and 4-/PCEU 
on the formation of modified p-tubulin are slighly faster than for 4-aCEU. 

Microtubule depolymerization and the appearance of the modified p-tubulin with 
CEU of low cytotoxidly such as 3-ECEU and 4-ECEU were delayed in time, if 
compared to flie most cytotoxic CEU (Fig. 2A). Moreover, no depolymerization and 
no effect on p-tubulin were observed with inactive 2-ECEU (Fig. 2B) and with CEU 
having a modified 2-chloroethyl moiety such as 4-fBEU, 4-/PEU, 4-sBEU (Fig. 20), 
suggesting that alkylation is required for p-tubulin inactivation and microtubule 
disruption. Finally, 4-/BCPU, as well as unsubstituted CEU and CEU bearing polar 
groups such as 4-methoxy were also inactive (Fig. 2C). When combined these 
results suggest tiiat alteration of p-tubulin, possibly by alkylation and microtubule 
disassembly, might at least in part, be responsible for the qrtotoxic activity of CEU. 

AII<ylation of cellular proteins by [urea-^^C]-4-®CEU in MDA-MB-231 cells: 

Since ihe appearance of tfie modifed p-tubulin was tfie hallmark of acfive CEU, tiie 
inventors determined that CEUs Qould specifically alkylate p-tubulin. MDA-MB-231 
cells were incubated with [urea-'"^Cl-4-fBCEU and cellular proteins were analyzed 
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by SDS-PAGE. in Fig, 3A, a small number of radiolabeled proteins were detected 
with main radioactive species mth Mr at >200, 50, 34 and 29 kDa, respectively. Tine 
appearance of these bands was time- and dose-dependent, suggesting that they 
are specific targets of the radiolabeled 4-SCEU. Subcellular localization of these 
5 proteins indicated ttrat alkylated proteins with Mr at >200 kDa and as v/&\\ as 34-kDa 
proteins were found in the insoluble fraction (M) containing tiie membrane proteins, 
while the 50-kDa and 29-kDa proteins were found in flie cytosolic fraction (C). The 

protein of 50-kDa is more specifically labeled at low concentrations of [urea-^'^C]-4- 
iBCEU and the molecular weight of this protein band coincided vwtfi tttat of the 
10 modified p-tubuJin (data not shown), suggesting tiiat 4-SCEU could alkylate p- 
tubulin. 

To validate this discovery, tiie inventors carried out a tw>-d}mensional gel 
electrophoresis experiment on the proteins exti-acted from cells ti-eated vwth 30 [xM 

15 [urea-'^^Ch4-fBCEU for 48 h, {Fig. 4A and B), while native and modified p-tubulin 

were revealed by immunoblotting (Fig. 4A). As depicted in Fig. 4B, the '''^C-labeled 
50-kDa protein and the modified p-tubulin, a>-locali2ed on tiie gel, indicate that 
p4ubulin modification likely resulted from direct alkylation by 4-^BCEU. This was 
confirmed by isolation via two-dimensional gel electrophoresis of the 50-kDa 
20 ^"^C-labeled protein or modified p-tubulin and mass spectral analysis using matrix- 
assisted laser desoiption/ionization time-of-flight mass spectrometiv (23) (data not 
shown). To detennine whetfier alkylated or modified p-tubulin induce microtubule 

disassembly, MDA-MB-231 cells were incubated with [urea-^^C]-4-?BCEU for 
various time intervals, followed by separation of soluble and polymerized tubulins 
25 and SDS-PAGE analysis. Native and modified p-tubulin were detected by a 

monoclonal p-tubuHn antibody (Fig, 5A) and whereas '^'^C-labeled modified 
p-tubulin \A^s detected by autoradiography (Fig. 5B). Fig. 5A shov\^ that complete 
microtubule disruption occurs after 8 to 12 h of incubation whereas modified 

p-tubuiin appears only at 12 h. Interestingly, Fig. 5B illusti-ates that ^"^C-labeled 
30 modified p-tubulin appears after only 1 to 4 h of incubation with the drug. These 
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results confirm that the alkylation of p-tubulin occurs prior to microtubule disruption, 
suggesting that p-tubulin alkylation by [urea-'*'*C]-4-ffiCEU induces microtubule 
disassembly. Interestingly, alkylated p-tubulin was found solely in the soluble 
protein fraction, suggesting ttiat the alkylation of p-tubulin is possible only \A^en the 
protein is in its unpolymerized state. Thus, the site of p-tubulin alkylation by CEU 
might be involved in the microtubule assembly process, through as yet unknown 
mechanisms. 

Identification of the alkylation site of CEU on p-tubulln: 

To identify the site of p-tubuiin alkylation by CEU, competition experiments between 
4-fBCEU, 4-/PCEU, 4-sBCEU and various antimicrotubule agents such as taxol, 
colchicine and vinblastine were carried out. The latter agents were used because 
ttiey have well defined binding sites on p-tubulin (24-28) and because they were 
expected to inhibit alkylation by CEU if they shared a common binding site. Fig. 6A 
shows that treatment of MDA-MB-231 cells with 4-/BCEU, 4-FCEU or 4-sBCEU in 
the presence of taxol, a microtubule stabilizing agent (29, 30), abrogated the 
formation of modified p-tubulin. Furthermore, immunoblotting experiments (Fig. 6B) 
showed that coldiicine, but not vinblastine, prevented the formation of modified p- 
tubulin, induced by 4-ffiCEU or 4-sBCEU. These data suggest that the binding site 
of CEU on p-tubulin is in the vicinity of the colchicine binding site. This was 
confirmed by treatment of celts with [urea-^^CH-^^BCEU in presence of colchicine 
or vinblastine, \Arf)ich shoved the inhibition of the fomnation of tiie 50-kDa 
radiolabeled band by the former, but not the latter drug (data not shown). Two 
potential sites of alkylation have been identified in the vicinity of tiie colchicine 
binding site on p-tubuIin (25). These putative alk^rfation sites are two nucleophilic 
mercapto groups of cysteine residues at positions 239 and 354, respectively (25). 
To assess the possible alkylation of tiiese mercapto residues by CEU, MDA-MB- 
231 ceils were ti:'eated mih 4-'fBCEU in the presence of iodoacetamide, a specific 
thiol alkylating agent (31, 32). Fig. SB shows tfiat iodoacetamide completely 
prevented p-tubulin alkylation by 4-fBCEU, indicating that 4-fBCEU alkylates 
cysteine residues. Similar experimente were earned out usfng EBl, a bifunctional 
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allcylating agent that specifically induces cross-linking between Cys239 and Cys354 
of p-tubulin (32). 

This modification altered the eledrophoretic behaviour of p-hibulin (32) similar to 
5 the modification observed with cytotoxic CEU. Interestingly, the p-tubulin alteration 
induced by EBI is abrogated by pre-treatment of cells with colchicine or 
iodoac^tamide but not vwth vinblastine (Fig. 6C). These results strongly suggest 
that EBI and CEU share the same a!k)rfation site on p-ftibuMn, v^ich is either 
Cys239 or Cys354 or both. 

10 

Localization of the cysteine resldue(s} alkylated by CEU: 
The results presented above suggest that alkylation of cysteine residues of 
p-tubuiin could occur either on Cys239 or Cys354 or on both residues. Alkylation of 
both residues is most unlikely since CEU are monoalkylating agents. To 
15 discriminate between alkylation of Cys239 or Cys354, w& compared tiie relative 

alkylation induced by [urea-^^C]-4-aCEU on plll-tubulin isoform (Fig. 7A) using an 
antibody whfeh specifically recognizes plll-tubulin vwttiout cross-reactivity with otiier 
tubulin isotypes. plll-tubulin, is characterized by the substitution of the Cys239 
residue by a serine residue. In this case, serine residues are not nucleophilic 

20 enough to be alkylated by a soft alkylating agent such as [urea-''^C]-4-ffiCEU. 
SK-N-SH cells, v\4ik;h express significant amounts of neuronal-specific plll-tubulin 
(33) as well as several otiier isoforms such as pi-, pit- and pIV-tubulin, were treated 
with [urea- C|-4-fBCEU. In contrast vwth otiier p-tubulin isofomfis containing 
Cys239 (cf. Fig. 5), Fig. 7A shows that [urea-^^C]-4-fiGEU does not alter migration 

25 of tiie plll-tubulin on SDS-PAGE and does not decrease cytosolic levels of plll- 
tubulin. Moreover, ttie autoradiogram (Fig. 7B) shows that plll-tubulin is not 
alkylated by [urea-'"*Cl-4-ffiCEU since plll-tubulin and the ^'*C-labeled band are not 
co-localized on the gel. The ^'^C-labeled band observed in Fig. 7B corresponds to 
other p-tubulln isoforms such as pi-, II- and piV-tubulin. Taken togetiier, tiiese 

30 results suggest that the residue alkylated by CEU is most likely Cys23g . 
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Findings 

The present inventors have discovered the p-tubulin inhibiting properties of certain 
CEU's. Furthermore, it was discovered that these CEUs do not significantly alkylate 
nucleophites such as DNA, glutathione and glutathione reductase, \A*iich are 
5 targeted by most commerically used alkylating agents such as nitrogen and 
phosphoramide mustards, nitrosoureas, methanesulfonate estere and aziridtnes 
(34, 35). The present invention shows that ttie cytotoxicity of these CEUs and their 
ability to selectively alkylate p-tubulin requires both weak alkylating properties and a 
hydrophobic character. 

10 

Aca)rding to our structure-activity relationship studies, the aryi-3-(2- 
chloroethyt)urea moiety was found to be the phantiacophore responsible for the 
soft alkylating properties of CEU. The second portion of ihe molecule referred to as 
its "prosthetic moiety", is responsible for the hydrophobic properties of CEU and 

15 seems of ufrnost importance for the pharmacological activity of CEU on p-tubulin. 
Indeed, the pharmacophore per se is non-cytotoxic, \A*iereas substitution of the 
aromatic ring at tfie 4-position by lower afkyf groups leads to cytotoxic CEU 
derivatives able to specifically alkylate p-tubulin. The kinetics of alkylation of 
p-tubulin suggest that nucleophilic addition of CEU requires a relatively long period 

20 of incubation. This type of kinetic behavior is probably related to several factors 
such as slow diffusion of the daigs into the cytosol and flieir weak alkylating 
properties, leading to slow nucleophilic addition. Nevertheless, the covatent binding 
of CEU to proteins seems spedfic and inreversible. 

25 Furthermore, in Hie case of the in vivo alkylation of p-tubulin, the protein must be 
under its depolymerized fomn to react v^tii CEU. The p-tubulin monomer, once 
alkylated, becx>mes incompetent for microtubule fonmation. 

In a prefen^ed embodiment, it was determined that the most likely reactive site of 
30 4-/BCEU was eittier Cys239 or Cys354, in tiie vicinity of tfie cotehicine-binding site, 
since colchicine inhibits p-tubulin alkylation by CEU. Moreover, it yms 
dernonsfrated ttiat p-tubulin wtti a Cys Ser substitution at position 239 is not 
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all<ylated by the drug, suggesting that Cys239 might be tfie residue alkylated by a 
CEU such as 4-fBCEU. Previous evidence had established that Cys239, but not 
Cys354, is specificafly alkylated by synthetic compounds such as 2,4-dichlorobenzyl 
ihiocyanate (36) and 2-fiuoro-1-methoxy-4-pentafiuorophenyl"Sulfonamidobenzene 
(37) inducing microtubule disassembly. These results suggest that Cys239 is more 
sensitive and more accessible to alkylation ttian Cys354. Thus, the integrity of 
Cys239 is most likely essential in ttie microtubule assembly process. However, tfie 
inventors cannot discard the possibility that 4-SCEU alkylates p4ubulin at other 
residues on the protein, and tiiat Cys239 is essential to maintain the proper 
confonnation of p-tubulin reactive wth CEU. Alkylation of p-tubulin by CEU induces 
the formation of a modified p-tubulin, ^/A^\ch migrates ahead of native p-tubufin on 
SDS-PAGE. The electrophoretic behaviour of the modified p-tubulin obtained by 
alkylation of p-tubutin by CEU, is similar to tfie modified p-fcibuHn observed after tiie 
fomrtation of a cross-link between Cys239 and Cys354 by EBI (32). It is important 
to mention tiiat CEU are monoalkylating agents and are therefore unlikely to induce 
such cross-links in p-tubulin. 

The probability ttiat CEU could cartamoylate proteins ti)rough reaction of tiie 
carbonyl group of the urea moiety with lysine or cysteine residues in the vicinity of 
Cys239 or Cys354 is most unlikely. The chemical stabHity of aromatic ureas is very 
high and does not allow nucleophilic reactions, even mlh highly nucleophilic entities 
such as glutathione and glutathione reductase (data not shown). Moreover, tiiere 
are no other nucleophilic entities present, either in tiie hydrophobic pocket or in the 
vicinity of the hydrophobic pocket tfiat are available for sudh a reaction (25). 

A plausible mechanistic explanation to tiie formatfon of modified p-tubulin by CEU 
is illustrated in Fig, 8. This putative mechanism of alkylation of p^ubulin by CEU is 
based on the analysis of the three-dimensional structure of p-tubulin, recenfly 
published by Negates (25) and on the results of the present study. Briefly, the 
nucleophilic Cys239 is present in the drug-binding domain of coldiicine, v^ich is 
delimited by residues 206-381 tiiat containing four mixed p-sheets and five 
surrounding a-hefices. Two of flie p-sheets, p8 and p9, are in dose proximity, 
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leading to the formation of a hydrophobic pocket {-8A across, between Cys239 and 
Cys354) (25). The existence of a hydrophobic pocket in tubulin was previously 
suggested as being in the vicinity of the colchicine binding site (38). This 
hydrophobic cavity could accomnnodate the aromatic ring, substituted by lower alkyi 
5 groups at the 4-position. It is speculated that the hydrophobic moiety of CEU readily 
forms hydrophobic bonds with several amino acid residues sudi as valine (316, 
342, 349, 353), alanine (314, 315, 352) and leucine (240), present in the cavity. In 
addition, a strong hydrogen bond might be fomned between the aromatic amino 
group of CEU and the glutamic acid residue at position 343. This hydrogen bond 
10 could be stabilized by electron resonance using the arginlne residue at position 
241. 

After docking the CEU in flie hydrophobic pocket, a hydrogen bond witti the 
glutamic acid residue at position 343 would be formed; followed by an alkylation 
1 5 between the Cys239 residue and tiie 2-chloroetiiyIamino moiety of CEU. 

In summary, CEU are weak monoalkylating agente that are unreactive toward most 
cellular nucleophiles such as DNA, glutatiiion and glutattiion reductase. On the 
other hand, CEUs were shown to alkylate specific cancer c^ll proteins bearing 
20 shf-ong nucleophilic centers tiiat present a spatial environment favoring close and 
prolonged contacts between the drug and tiie nucleophilic moiety. 

These elements describe ttie concept of "soft alkylation", which fnti"oduces new 
perspectives about the rational design of drugs that might be able to inactivate 
25 specific cellular proteins vMi resulting cytotoxic effects directed at tumor cells. 
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